Some insight into human evolution has been gained from the sequencing of four Y chromosome genes. Primary genomic sequencing determined gene SMCY to be composed of 27 exons that comprise 4,620 bp of coding sequence. The unfinished sequencing of the 5 portion of gene UTY1 was completed by primer walking, and a total of 20 exons were found. By using denaturing HPLC, these two genes, as well as DBY and DFFRY, were screened for polymorphic sites in 53-72 representatives of the five continents. A total of 98 variants were found, yielding nucleotide diversity estimates of 2.45 ؋ 10 ؊5 , 5.07 ؋ 10 ؊5 , and 8.54 ؋ 10 ؊5 for the coding regions of SMCY, DFFRY, and UTY1, respectively, with no variant having been observed in DBY. In agreement with most autosomal genes, diversity estimates for the noncoding regions were about 2-to 3-fold higher and ranged from 9.16 ؋ 10 ؊5 to 14.2 ؋ 10 ؊5 for the four genes. Analysis of the frequencies of derived alleles for all four genes showed that they more closely fit the expectation of a Luria-Delbrü ck distribution than a distribution expected under a constant population size model, providing evidence for exponential population growth. Pairwise nucleotide mismatch distributions date the occurrence of population expansion to Ϸ28,000 years ago. This estimate is in accord with the spread of Aurignacian technology and the disappearance of the Neanderthals.
PCR. Primers designed for SMCY covered all unique sequences and repeat elements other than long interspersed elements (LINEs), yielding amplicons 300 -500 bp in length (http:͞͞ www.ncbi.nlm.nih.gov͞SNP). For DBY, DFFRY, and UTY1, only the coding and f lanking noncoding sequences were amplified. The PCR protocol comprised an initial denaturation at 95°C for 10 min to activate AmpliTaq Gold, 14 cycles of denaturation at 94°C for 20 s, primer annealing at 63-56°C with 0.5°C decrements, and extension at 72°C for 1 min, followed by 20 cycles at 94°C for 20 s, 56°C for 1 min, and 72°C for 1 min, and a final 5-min extension at 72°C. Each 50-l PCR contained 1 unit of AmpliTaq Gold polymerase, 10 mM Tris⅐HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 0.1 mM each of the four deoxyribonucleotide triphosphates, 0.2 M each of forward͞reverse primers, and 50 ng of genomic DNA. PCR yields were determined semiquantitatively on ethidium bromide-stained agarose gels.
DHPLC Analysis. Unpurified PCR products were mixed at an equimolar ratio with a reference Y chromosome and subjected to a 3-min 95°C denaturing step followed by gradual reannealing from 95°C to 65°C over 30 min. Each mixture (10 l) was loaded onto a DNASep column (Transgenomic, San Jose, CA), and the amplicons were eluted in 0.1 M triethylammonium acetate (pH 7) with a linear acetonitrile gradient at a flow rate of 0.9 ml͞min (11) . Under appropriate temperature conditions, which were optimized by computer simulation (available at http:͞͞ insertion.stanford.edu͞melt.html), mismatches were recognized by the appearance of two or more peaks in the elution profiles.
DNA Sequencing. Polymorphic and reference PCR samples were purified with Qiagen (Valencia, CA) QIAquick spin columns and sequenced with the PE Biosystems (Foster City, CA) Dye Terminator Cycle Sequencing Kit and a model 373A DNA sequencer. Chimpanzee, gorilla, and orangutan samples were sequenced for the entire 4.62-kb coding region of SMCY and, whenever possible, for those NRY segments that were polymorphic in humans. Statistical Analysis. The program DNAML in PHYLIP (version 3.57c) was used to construct phylogenetic networks. Insertions and deletions were treated as single-nucleotide substitutions. The estimated nucleotide diversity, , in a sample of n chromosomes was calculated from the equation
where ij is the number of nucleotide differences between the ith and jth DNA sequences and n c ϭ n(n Ϫ 1)͞2 (13). Tajima's D statistic (14) is defined by the equation
S is the number of segregating nucleotides, and V(d) an estimator of the variance of d. The value of D is 0 for selectively neutral mutations in a constant population infinite sites model. A negative value of D indicates either purifying selection or population expansion (15) . The expected Luria-Delbrück͞Lea-Coulson (16, 17) distribution of the number of mutants for each gene was fitted by maximum likelihood, treating each nucleotide of the screened sequence as analogous to a parallel, independent bacterial culture. The distributions under the expectation of constant population size were calculated according to the method of Watterson (18) .
For the mismatch distribution, the mean number of differences (m) between pairs of chromosomes and variance () of this number were computed for each gene. The corresponding parameters were ( ϭ 2N 0 , where N 0 is the effective population size before a single instantaneous expansion), (the mutation rate for each gene), and (time in mutational units since the expansion of the population, assuming a generation length of 25 years). For estimation of and , we used the following equations (see ref. 19 )
and ϭ m Ϫ .
[4]
The standard errors for were estimated by simulation (20) , averaging the mean number of differences in 1,000 coalescent trees, each of which was constructed randomly with a sample size and an estimate of matched to the observed distribution. Errors from estimating itself and any uncertainties from the estimation of mutation rates are not included. The actual time (T) since the expansion was estimated by ͞2 l, where is the mutation rate (based on the number of sequence differences observed between human and chimpanzee and assuming a divergence time of 4.9 million years) and l is the number of base pairs tested. The mutation rate per nucleotide for SMCY was 1.53 ϫ 10 Ϫ9 , calculated on the basis of 597 observed differences between human and chimpanzee over 39,931 bp, whereas that of DBY, DFFRY, and UTY1 was 1.25 ϫ 10 Ϫ9 (470 differences over 38,468 bp).
Results and Discussion SMCY. The genomic structure of SMCY is shown in Fig. 1 Fig. 2A ). Asia and Africa have the most haplotypes with 15 and 10, respectively, followed by Europe, Oceania, and America with 6, 5, and 1, respectively. The root of the network, based on primate sequence data, is located in Africa, with the most ancestral patrilineages represented today by a Khoisan and an East African Surma. As suggested by the three clades centered at haplotypes 3, 14 and 15, respectively, anatomically modern humans migrated in, at least, two waves from Africa into Asia and New Guinea, followed by a later dispersal probably out of Western Asia into Central Asia, Europe, and the Americas. Independent corroborating evidence for the occurrence of these three major prehistoric migratory episodes has been derived from the geographic distribution of haplotypes from a chromosome 21 region (21) . A detailed coalescence analysis and dating of the key mutations in the SMCY phylogeny is provided in the companion paper by Thomson et al. (22) .
The three primates (chimpanzee, gorilla, and orangutan) were sequenced over the entire coding region of SMCY (4,620 bp) and 4,758 bp of flanking noncoding sequences. In the coding region, humans differ in a total of 125 positions (available on request) from apes, 80% of which are transitions. Nucleotide position 3,917 is triallelic (C in human and chimpanzee, A in gorilla, and G in orangutan). There are four nonsynonymous differences separating the human from all great apes, only one of which resulted in a nonconservative amino acid change (Val1,186Ala). The two transitions and two transversions were found in exon 3 (A480G, Val69Ile), exon 7 (A963C, His230Asn), exon 10 (C1,423G, Ser383Thr), and exon 24 (C3,832T, Val1,186Ala). Generally, nonsynonymous differences are more frequent in the C-terminal part of the gene. No nonsynonymous change was detected in the H-Y epitope region (nucleotides 3,160-3,200). Table 2 summarizes the number of sequence differences found among the four species. Assuming 4.9 million years for the divergence time of human and chimpanzee, the divergence time of human and gorilla was estimated from the log proportion of identical nucleotides as 7.0 and 7.4 million years for coding and noncoding segments, respectively. The corresponding divergence times for human and orangutan were 16.2 and 16.9 million years. These numbers are in fairly good agreement with published divergence times of 6.6 and 13.0 million years, respectively, for gorilla and orangutan based on mitochondrial DNA substitution rates (23) .
DFFRY, DBY, and UTY1. Table 3 lists the polymorphic sites identified in DFFRY, DBY, and UTY1 in 70 (72 for UTY1) Y chromosomes representing 41 ethnic groups. For DFFRY, 17 polymorphisms were discovered over 16,699 bp (7,668 bp coding). Seven of the variant sites are located in exons 6, 11, 18, 22, 30, 33, and 37. Three are nonsynonymous, resulting in two nonconservative (exon 6, C2,295T, Arg211Cys; exon 22, G4,842A, Ala1,060Thr) and one conservative amino acid change (exon 33, G6,777T, Ala1,705Ser). G4,842A had been already observed three times in 576 infertile men and once in 96 fertile men (9) . In the present study, G4,842A was detected only once in an individual from Pakistan. The other three polymorphisms reported by Sun et al. (9) were not observed in our populations.
For DBY, a total of 14 polymorphic sites were found over 9,000 bp (1,983 bp coding), and they are all noncoding. This observation is in concordance with the study of Sun et al. (9) , who also failed to detect a single coding variant. For UTY1, 20 polymorphic sites were discovered over 15,317 bp (3,240 bp coding). Two sites, both synonymous, are located in exons 1 and 14. By combining the polymorphisms observed in DFFRY, DBY, and UTY1 and excluding those observed only once, 18 major haplotypes could be inferred, most of them found in Asia (n ϭ 10) and Africa (n ϭ 5). The similarity of the phylogeny of the three genes (Fig. 2B ) that are located within the same deletion interval on the NRY (5C) to that of SMCY (deletion interval 5O) attests to the coherence of the NRY, which, therefore, can be viewed evolutionarily as if it were a single locus. For instance, among the individuals present in both ascertainment sets, the same Asian individuals (As06, As07, and As18) and the New Guinean (OC02) cluster with the Africans, supporting the hypothesis of at least two distinct migratory waves out of Africa. A more detailed analysis of DBY and DFFRY including coalescence time estimates is provided in the companion paper by Thomson et al. (22) . (24) and chimpanzee sequences for homologous genes (data not shown). The NRY clearly shows evidence of reduced variability to the autosomes ( 2 [1] ϭ4.0; P ϭ 0.045), confirming similar comparisons of smaller numbers of polymorphisms on previously reported NRY sequences with X-linked human genes (25, 26) . Possible explanations include not only selection on NRY but also differences between male and female effective population sizes and͞or in the dispersal of males and females. (15) . The relative homogeneity of values obtained for 20 genes of four different genetic systems is therefore more in agreement with population growth, which will affect all genes equally. Signatures of population expansion were also reported for microsatellite repeat data (27) . (16, 17) , assuming that each nucleotide in the screened regions is analogous to a parallel, independent bacterial culture. The concordance of the observed and expected distributions is consistent with a significant population expansion. In contrast, there is strong incongruity with the expectation of constant population size (blank columns) with the distribution of alleles estimated by Watterson (18) .
